Topographic profiles in Schrödinger basin (profiles 1 to 4) were extracted from the gridded 1024 ppd LOLA product (http://imbrium.mit.edu/BROWSE/LOLA_GDR/CYLINDRICAL.html), and topographic measurements from individual LOLA tracks were extracted from the Lunar Orbital Data Explorer (http://ode.rsl.wustl.edu/moon/indextools.aspx) for Rimae Daniell (profiles D5 and D6) and other ~E-W oriented graben structures (see below). Original profiles show a 0.5° to 1° slope ( Figure 2 , thin blue line), that is shown with 35 times exaggeration in all profiles. Linear slopes were obtained from the relationship between the topographic difference and the horizontal distance of the first to the last data point in the extracted profile. All profiles were then detrended by removing the linear slope ( Figure 2 , thick blue line) to allow for better comparison to ground displacement simulations.
profiles are only achieved for a narrow range of geometric properties, giving confidence that simulated structures are good approximations of structures present on the Moon. Figure DR1 . Stylized geomorphology of planetary graben settings. A) Planetary halfgraben geomorphology is comprised of a gentle synclinal flexure in the rock units below the fault plane (i.e., foot wall syncline) as well as a gentle anticlinal flexure in the rock units above the fault plane (i.e., hanging wall anticline). Topographic extent and range of the landform, as well as degree of flexure of rock units are governed by the fault geometry, including fault length (L), fault height (H), fault displacement (D), fault dip (α) and depth of faulting (T). B) Dike-related graben geomorphology is governed by normal fault geometric properties as well as geometry of the underlying dike. The dike geometry is characterized by dike width or aperture (a), dike length (L), and depth below surface to the top (T t ) and approximate bottom (T b ) of the dike. The difference between T t and T b equates to the height, H, of the dike.
To assess the goodness of fit between the topography and the simulated ground displacements, a standard sample deviation (s) was calculated. The sample standard deviation is given as:
where N is the total number of simulated data points. The term x i  x   represents the residuals between simulation and observation, with x i being the i th data point of the simulation, and x being the topographic value at the i th datapoint that is tried to be matched with x i . Values of s provide a measure of the average deviation of simulated ground displacements from the topography, and thus simulations with a lower s have a better fit. Residuals for profile S(4) (Figure 2 ) are given as example ( Figure DR2 ). Residuals for the graben fit are small at or near the graben but become larger further away from the structure. In general, dike and dike-related graben fits have much lower residuals throughout the entire profile. However, the ruggedness of the topography affects sample standard deviations, showing that more rugged topographies cannot be as accurately recreated by numerical models as topographically smoother areas (Figure 2 ), and thus it is difficult to compare the goodness of fit for simulated ground displacements between different profiles with the sample standard deviations alone. Figure DR2 . Ground displacement simulations and topography for profile S(4) (top) and corresponding residuals between the models and observed topography (bottom). Note that the residuals are highest in the topographically most rugged portion of the profile.
Two-dimensional Topographic Ruggedness Index (TRI)
The topographic ruggedness index (TRI) is a measure of the average amount of elevation difference between adjacent topographic measurements in a digital elevation model (Riley et al., 1999) . For three-dimensional datasets, the TRI is the average of the absolute values of the elevation difference from a center cell and the eight cells immediately surrounding it. For two-dimensional elevation data (i.e., topographic profiles), this algorithm was modified to solve for the average of the absolute values of the elevation difference of the neighboring data points, expressed as:
Here, N is the total number of topographic measurements, x i is the i th topographic measurement of the profile, and x i+1 is the topographic measurement neighboring x i . As the TRI value defines the average change of elevation between measurements within the topographic profile, the s values should not exceed the TRI values for a simulated fit to be considered as "good", as sample standard deviations of the models are then smaller than the average natural variation in the observational data. This rule allows for larger sample standard deviations in more rugged terrains and demands smaller sample standard deviations in smoother terrains, thus enabling comparison of goodness of fits between different types of terrain.
Elevation differences between neighboring measurements are again given for profile S(4) as example ( Figure DR3) . Generally, the changes in elevation between neighboring measurements over the entire profile are rather low, mostly below 10 m and in the more rugged regions between 20 and 40 m. The graben at the origin of the diagram is the most rugged landform of the entire topographic profile with 150 m change between measurements. The left portion of the profile is more rugged than the right portion, caused by rough hummocky basin floor material (Kramer et al., 2013) . Therefore, the residuals between the models and observed topography are larger in the left portion than the right one ( Figure DR2 ). The TRI value of this profile is 35 m. This value almost twice as low as the s value for the best-fit simulation of a dike-related graben. Generally, however, the residuals for this fit are quite low, especially on the right portion of the profile, where there is no rough geologic surface unit. Figure DR3 . Topographic profile S(4) and elevation difference of the neighboring data points.
ELASTIC PROPERTIES OF A FRACTURED LUNAR LITHOSPHERE
The lunar lithosphere very likely consists of a combination of intact rock and associated structural weaknesses, such as fractures, impact damage zones, and lithologic contacts that together weaken the overall material. The rock mass rating (RMR) system, measured on a scale from 0 to 100, where 100 represents intact rock, is frequently used in geo-engineering and geomechanics applications to account for the degree and condition of weaknesses (as well as for pore pressure conditions) within a rock (Bieniawski, 1989) to better evaluate elastic rock properties on lithospheric scales (Schultz, 1993 (Schultz, , 1995 (Schultz, , 1996 . Elastic rock properties include Young's Modulus, E, and the related Shear Modulus (μ). Either one of these properties is required to calculate magma overpressures (P) within a dike (Figure 3 ) using the relation (Rubin, 1995):
with ν being Poisson's Ratio and σ h being the surrounding stress. In a neutral tectonic regime, this stress is equal to the confining pressure (overburden). Young's Modulus and the Shear Modulus depend on confining pressure that increases with depth, z. For conditions appropriate for Earth this is estimated as (Schultz et al., 2006) :
where E* denotes the Deformation Modulus. Empirical studies found that E* is relatively insensitive to rock type, and that it relates to RMR as: for RMR < 50,
with the units of E* given in GPa (Bieniawski, 1989) . Deformation Moduli for rock masses of moderate quality (RMR 55) are ~10 GPa, Deformation Moduli of rock masses of poor quality (RMR 35 to 45), such as expected for the heavily fractured upper lunar lithosphere (Wieczorek et al., 2013) , are 4.2 to 7.5 GPa. The depth dependent Deformation Modulus (Eq. 4) on other rocky bodies is then obtained by using a scaling relation (Schultz et al., 2006) given as:
where the term (Wieczorek et al., 2013) ) can now be used to calculate magma overpressures (Eq. 3), if dike geometric properties (a, H) and surrounding stresses are known.
DIKE GEOMETRIES
Magma overpressures (Eq.3) were estimated for 10 dikes. Dike dimensions were inferred from ground displacement modeling of four structures inside Schrödinger basin (Figure 2) , as well as from three structures along two profiles across Rimae Daniell (Figure 2 ) and for Rima Ariadaeus, Rima Hyginus, and Rima Hesiodus ( Figure DR4 ). Ground displacement fits for the latter three structures are presented in Figure DR5 . Rima Ariadaeus is a topographically very pronounced and asymmetric graben. Rima Hyginus is also a topographically prominent graben structure. Both grabens show a structural relief of up to 450 m and lie on a topographic rise ( Figure DR5 ), similar to grabens in Schrödinger basin. In addition, Rima Hyginus displays a series of volcanic pits and volcanic deposits following the structural trend of the graben (Wilson et al., 2011 ; Figure  DR4 ). Both topographic profiles are best approximated with the ground displacements of a dike-related graben.
Rima Hesiodus is a ~280-km-long graben structure cutting through highlands and mare units ( Figure DR4 ). Its structural relief of only 100 to 120 m is smaller than that of other lunar grabens of similar length. Modeled ground displacements of a graben alone and a dike-related graben are equally good ( Figure DR5 ), thus indicating that a dike could be present at depth but may not be invoked for this particular structure.
All potential dike-related grabens of this study, including the derived best-fit dike geometric properties are listed in Table DR1 . 
